In this study, we demonstrate that the sequence of NF-B to bind DNA and activate appropriate target the B site does play an important role in determining genes.
Results
swap the sequences between two B-dependent genes with different properties. The IP-10 (cxcl10) and MCP-1 genes were chosen for investigation. When IP-10 and B Site Sequences Are Strictly Conserved between Mouse and Human MCP-1 respond to TNF␣, they have different B family member requirements. MCP-1 mRNA is induced in both To understand whether the sequences of B sites play a significant role in determining functional specificity, wild-type (wt) and p50/p52-deficient cells, while IP-10 mRNA is induced in wt cells but not p50/p52-deficient validated mouse and human B site sequences for eleven B-dependent genes were compared using the cells (Hoffmann et al., 2003) . p65 homodimers are the only detectable dimer in p50/p52-deficient 3T3 cells. Celera and Ensembl databases (Hoffmann et al., 2003 ; Libermann and Baltimore, 1990 ; Thanos and Maniatis, Therefore, both hetero-and homodimers of NF-B are able to function on the MCP-1 promoter while only het1995b). The B site sequences for all eleven genes studied were 100% conserved between mouse and human erodimers of NF-B appear able to activate IP-10. The regulatory sequences of the genes have certain similari-( Figure 1A ). In contrast, a pairwise sequence comparison program (Family Relations) revealed that the regions ties but significant differences. Based on previous work as well as mouse/human sequence comparisons, surrounding the B sites often displayed Ͻ85% conservation (data not shown) (Brown et al., 2002) . If the se-MCP-1 and IP-10 each appear to have two functioning B sites that are both required for gene activation (Ohquence of the B site did not play a significant role in determining functional specificity, we would have exmori and Hamilton, Ping et al., 1999) . Both genes are highly expressed in fibroblasts and are repected the sequence of some of the B sites to mutate over time. We therefore decided to test whether the sponsive to multiple stimuli. However, the promoter architecture for the two genes is strikingly different. IPsequence of the B site can alter the functional properties of bound dimers.
10's B sites are less than 200 bp from the transcription start site while MCP-1's functional B sites are more To address the role of B site sequence, we wanted to . Routinely, multiple cell populations were created To effect the sequence interchanges, we needed a sysby infecting cells with serial dilutions of virus. Populatem that would allow us easy access for nucleotide altertions that expressed low basal luciferase activity ation but would retain the regulatory properties of the (roughly 5-fold above background) were used for analyendogenous gene promoters. The use of a retrovirus sis to ensure a low number of integrated proviruses vector allows insertion of up to 7 kb of regulatory inforper cell. mation and permits sequence alteration at will. We wt and p50/p65-deficient cells with the integrated ML chose a self-inactivating lentiviral vector system that M1M2 transgene were stimulated with TNF␣ ( Figure 1B (Figure 2A, left image) . We conclude that the distal B site to respond to a homodimer of p65 would be an inability of the site to bind the homodimers. To ML I1I2 transgene requires NF-B heterodimers for activation.
address this possibility, we performed chromatin immunoprecipitation (ChIP) assays with an anti-p65 antibody To test whether the altered B family member requirements in ML I1I2 were dependent on one or both of the in TNF␣-stimulated wt and p50/p52-deficient cells containing the ML I1I2 transgene. wt cells with the ML I1I2 IP-10 B site sequences, two MCP-1 promoter constructs were created carrying one IP-10 B site and one transgene showed robust p65 binding after TNF␣ stimulation ( Figure 3A) . Surprisingly, p50/p52-deficient cells MCP-1 B site (ML M1I2, ML I1M2, Figure 2B ). Both wt and p50/p52-deficient cells carrying these constructs with the ML I1I2 transgene also demonstrated p65 binding after TNF␣ stimulation. Therefore, even though the remained responsive to TNF␣ stimulation. Therefore, either MCP-1 B site sequence alone is sufficient to ML I1I2 transgene shows minimal activity in TNF␣ stimulated p50/p52-deficient cells, p65 homodimers are still provide a response to the p65 homodimer.
To determine if one or both of the IP-10 B site sebound to the promoter. Examination of the endogenous . We performed ChIP assays against p300 using TNF␣-stimulated, ML To be certain that the stimulus-specificity was determined by the B site, we went back to the chimeric M1M2-infected, p50/p52-deficient cells and discovered that p300 is recruited to the MCP-1 and IP-10 promoters transgenes. In fact, as opposed to the data with TNF␣-stimulated cells, LPS-treated wt and p50/p52-in a stimulus-dependent manner ( Figure 3C ). Furthermore, we found that p300 was bound to the ML I1I2 deficient cells containing the ML I1I2 transgene displayed similar levels of luciferase induction ( Figure . There we compared one gene to another but mers appear to interact with IRF-3 to activate the ML I1I2 transgene. Under TNF␣ stimulation, IRF-3 is not when, in this study, we made interspecies comparisons of the same gene, we found a remarkable constancy of activated and the p65 homodimers, although bound, are unable to function and the ML I1I2 transgene is not sequence, implying that the individual sequences have important characteristics. This led us to examine the activated. For LPS-stimulated wt cells, we demonstrated that p65:p50 heterodimers appear to interact role of the particular sequences found associated with particular genes. To do this we developed a lentiviral with IRF-3 to activate the ML I1I2 transgene. This result implies that the B site sequence can change the configsystem for incorporating regulatory sequences into cellular DNA. Then, by swapping the B site sequences uration of heterodimers, not just p65 homodimers. Finally, we show that IRF-3 is directly recruited to the ML within the MCP-1 promoter to the B site sequences for the IP-10 gene, we found that we could impose IP-I1I2 promoter in a stimulus-dependent manner.
10's B family member requirements onto the MCP-1 promoter. Both IP-10 B site sequences had to be trans-IP-10 Requires Bcl-3 for Induction by TNF␣ The need for IRF-3 provides an explanation for why IPferred to change B family member requirements and revealed that two B sites can function together as a 10 is induced in p50/p52-deficient cells only in response to LPS but not TNF␣. Why do wt cells express IP-10 in module to regulate gene activation. This suggested that either MCP-1 site was dominant over the two IP-10 sites. different and nonredundant roles. This postulate leads us to a model that the two B sites serve different and By doing chromatin immunoprecipitation experiments, we found that even though the I1 site would not work jointly obligate functions. In LPS-stimulated p50/p52-deficient cells infected with the p65 homodimer, the IP-10 B sites did bind the homodimer which, in turn, even bound the coactivator with the ML M1M2 transgene, we know that p65 homodimers are bound to the B sites along with p300/CBP CBP/p300. We then found that the IP-10 requirement for a B heterodimer for activation by TNF␣ is not evident (data not shown) and drive luciferase expression. Our postulate that the two sites serve different functions after LPS stimulation. This suggested that the B site specificity operated by imposing on the DNA bound NFleads us to suppose that only one B homodimer binds p300 and that the other binds an unknown factor X but B, a cofactor requirement for activation. In fact, we showed that the ML I1I2 transgene requires Bcl-3 when other explanations are conceivable ( Figure 7A ). In LPSstimulated p50/p52-deficient cells infected with the ML stimulated by TNF␣ and that IRF-3 can play this role in p50/p52-deficient cells where Bcl-3 is not able to I1I2 transgene, we postulate that the I2 site continues to bind p300/CBP but the I1 B site sequence alters the function. Because IRF-3 is induced by LPS but not TNF␣, the role of this B site specificity is explained. We exp65 homodimer conformation such that another cofactor must take the place of X. IRF-3 can serve this function tended the analysis to show that the IRF-3 requirement for LPS-stimulated ML I1I2 transgene activity applies to and in LPS-induced cells, it binds and cooperates to drive luciferase expression ( Figure 7B ). In TNF␣-stimup50:p65 heterodimers as well. Therefore, the B site sequence affects the configuration of both heterodimers lated p50/p52-deficient cells with the ML M1M2 transgene, the situation is similar to that in LPS-simulated and p65 homodimers. Finally, we showed that IRF-3 is recruited to the ML I1I2 promoter. The sequence altercells ( Figure 7C ). However, in the TNF␣-stimulated p50/ p52-deficient cells with the ML I1I2 transgene, the ation that imposes the coactivator requirement is a single nucleotide in the sixth position of the B site-it is change in the I1 B site sequence alters the conformation for p65 homodimers such that they require a cofacquite remarkable that such a change can impose on a gene a new cofactor requirement that is fulfilled only tor of a type that is simply not present in the cells. Instead, only B heterodimers are able to drive transcripunder particular circumstances. tion because of the requirement for the second activity is supplied by Bcl-3 binding to the p50 subunit ( Figure 7D ).
How Is Specificity Imposed?
There are three models for how the single nucleotide difference in the B site can impose such specificity.
Advantages of a Lentiviral-Based Reporter System One model suggests that there is another protein bound to the DNA site that requires this particular nucleotide.
Our lentiviral-based reporter system is a novel approach to study gene transcription. This system offers many Another possibility is that B dimers may oligomerize of DNA sequence one can place into the vector (roughly 7 kb). In truth, it is not possible to know for sure how when bound to their respective sites. The sequence of the B site would determine oligomerization efficiency much regulatory DNA a particular gene requires so the optimum method for studying promoters would be to and precise conformation of the overall structure. The B tetramer would determine which cofactors would be make nucleotide changes in situ in the promoter regulatory elements using "knockin" technology (Xu et al., needed for gene activation.
A likely possibility is that the particular distal IP-10 B 1996). Unfortunately, knockin or even BAC transgene experiments (Lee et al., 2003) are difficult, time-consumsite imposes a configuration on the bound heterodimers that establishes a requirement for Bcl-3. In the p50/ ing, and prohibitively expensive as a method to do a systematic study, such as we have presented here. Our p52-deficient cells, where Bcl-3 cannot bind the p65 homodimers, the requirement for a coactivator can be approach represents an effective compromise between the ideal and need for extensive experimental manipusupplied by IRF-3, which can bind to p65 (Wietek et  al., 2003) . lation.
B Site Sequence Determines NF-B Family Potential Model
To fully explain our data, we return to the observation Member Requirements In our previous study, we documented that B-depenthat two B sites are needed for the MCP-1 promoter to function. The stimulus and subunit specificities have dent genes require specific B family members for functional activation (Hoffmann et al., 2003) . Here, we dembeen explained by the role of one B site, but why then do we need two? We suspect that the two sites serve onstrate that the sequence of the B site is responsible ). These differences of B dimer exclusion. In fact, we found inducible p65 recruitment to a functionally inactive promoter. Instead, in conformation have been correlated to their ability to transactivate transfected reporter plasmids. Therefore, we believe that the sequence of the B site contains information that is interpreted by the bound B dimer, our notion that it is coactivator binding which determines specificity is supported by prior structural studies showchanges the B dimer configuration, and determines which coactivators will form functional interactions with ing alternate conformations induced allosterically by different DNA binding site sequences. the B dimer.
How many functionally different B sites might there In other families of transcription factors, there is also evidence that DNA can act as an allosteric regulator. It be? We can presently identify three different types. In our system, M1 or M2 behave identically and we postuhas been best studied with the glucocorticoid receptor (GR) (Lefstin and Yamamoto, 1998). The DNA binding late that they bind factor "X". A key property of this class of B site is that it is dominant over other sites. domain of GR can bind its cognate site in a variety of conformations depending on the sequence of the site, The second class is I1, a site that requires IRF-3 or Bcl-3 coactivators for activation when it is coupled to I2 or is serving to present different interfaces for the recruitment of specific cofactors and to help determine whether used in tandem. I1 differs from M1 and M2 at only one position, nucleotide 6. Finally, the I2 site is in a category the bound factor will activate or repress transcription. Recent work has identified which GR surfaces are reby itself. It must require a coactivator different from M1 or M2 that is not dominant over I1. It is notable that I2 quired in a gene-specific manner ( activate NF-B immediately to drive MCP-1 production and recruit macrophages to the target site. Later, the
